In a large laboratory cage population of Drosophila melanogaster "Texas" 36 per cent of loei were found to be polymorphic and the average genie heterozygosity per individual was estimated at 82 per cent. Two large replicate subpopulations of "Texas" were established in each of three experimental environments which differed in their degree of environmental variability. The populations were sampled on two occasions, after 27 and after another 54 weeks. By the second sampling, statistical tests showed that the phenotypie distributions of all seven polymorphic loci studied had changed significantly.
INTRODUCTION
THE hypothesis of Kimura (1968) and Kimura and Ohta (1971) is that most protein polymorphisms have no adaptive value. Under their hypothesis the observed levels of genie heterozygosity (H) are a function of effective population size, We and t the neutral mutation rate. This relationship is given at equilibrium by H = 4Wep] (4Wejt + 1). Hence levels of genic heterozygosity can be expected to follow effective population size. Now estimates of genic heterozygosity from different populations of the same species are often similar. Under the neutral gene theory, genetical similarity will occur when there is only a very low migration rate between populations, in this case, however, Xe will be the combined effective population size for all these populations. The observed values of genic heterozygosity are then lower than would be expected from their predicted relationship with Xe.
Yet this result cannot be taken as evidence for anything but mild natural selection in protein polymorphisms; a development of the neutral gene theory (Ohta, 1974; Ohta and Kimura, 1974) , assumes only very small deleterious effects in fitness for mutant alleles. The outcome of their model is a demonstration of consistency between estimates of effective population sizes and of genic heterozygosity obtained from natural populations; this is not surprising given our scanty knowledge of the mutation rates to neutral alleles and effective population sizes. An inadequate knowledge concerning the magnitudes of such parameters will lead to a remarkable flexibility of conclusion. This is illustrated by Nei, Maruyama and Chakraborty (1975) who discuss the distributional data of Ayala (1972) which was obtained from populations of Drosophila willistoni and interpreted by the original author along selectionist lines. Nei et at. (1975) , concluded that the data were compatible with the neutralist viewpoint, if the species was of recent origin. Thus with a suitable choice of values for t and Xe in the recent and geological past, these data do not contradict the neutralist theory; our knowledge of the actual values is too poor for a definite conclusion to be drawn.
An alternative approach is more direct and relies initially upon the response of different genetically determined variants to controlled laboratory situations. If natural selection does shape the gene-pools of populations then the first premise to be investigated is the generality of response to selection by the environment. In this respect there is experimental data. Powell (1971) demonstrated a striking positive and almost linear relationship between the average genic heterozygosity of individuals and the level of environmental heterogeneity imposed upon experimental populations of D. willistoni. McDonald and Ayala (1974) working with D. pseudoobscura demonstrated a similar although not so full a response as that obtained by Powell (1971) . The rationale for such experiments is given by Ludwig (1950) and Mayr (1963) . Some theoretical models concerned with the maintenance of genetical variation within populations (Levene, 1953; Haldane and Jayakar, 1963; Maynard-Smith, 1966; Hoekstra, 1975) , show that although the conditions are rests ictive, stable equilibria can be attained through selection in heterogeneous environments. In nature there is little doubt that environments are changeable and vary spatially. The response to selection by environmental variability with laboratory populations will provide a method for assessing the maintenance and behaviour of genetical variability within natural populations. We have carried out such an experiment with an established population of Drosophila melanogaster and the results presented here are a fuller presentation of those given in an earlier short paper (Minawa and Birley, 1975) .
MATERIALS AND METHODS
(i) The population An established laboratory population of Drosophila melanogaster " Texas was used. This population originated from a sample of 30 inseminated females which were captured at Austin, Texas, in 1965. Details of the maintenance of this population are described by Barnes and Kearsey (1970) .
The population size is about 3000 adults. The ratio of effective to actual population size has been estimated as 082 (M. J. Kearsey, personal communication).
(ii) The subpopulations Six subpopulations of " Texas" were independently and expeditiously established within 3 weeks, SO that they would all be approximately the same age. The setting up of the subpopulations involved the transfer of 2000 adults (as equal numbers of male and female flies) to each cage. These adults were obtained from samples of eggs which had been taken from the "Texas" population. The subpopulations were assigned at random to three experimental environments, a, b and C; a pair of cages to every environment. The population cages used were of the same design as that used for the "Texas" population. Details of this design may be obtained from Barnes (1968) . The nature of the three experimental environments was as follows: (a) the temperature was alternated, that is between 18°a nd 25° and then back again to 18° etc. A change of temperature was carried out every 3 days. The food medium consisted of oatmeal, agar, molasses, live bakers' yeast, raisins and sultanas. (b) These populations were kept at -15°for 30 minutes every 3 days; otherwise at 25° (this treatment was sufficient to stun but not to kill the adult population), the food medium being the same as for (a). (c) The food medium consisted of agar, sucrose, and dried bakers' yeast and the population was maintained at a constant temperature of 25°. Thus environments (a) and (b) contained more variables than did (c).
(iii) Sampling The subpopulations were sampled on two occasions, in August 1973, and again in August 1974. This was accomplished by the withdrawal of two vials containing fresh medium covered with eggs from every replicate cage population. The medium in a vial was then sectored and apportioned between four culture bottles. These bottles again contained the food medium corresponding to the sampled cages. Emergent adults from the culture bottles were collected, pooled and aged for 2-3 days under low density conditions. If the generation interval in a population cage with overlapping generations is about 3 weeks (Barker, 1962) , then the populations were sampled after nine and again after about 18 generations.
(iv) Genetical polymorphism and starch gel electrophoresis Horizontal starch gel electrophoresis was carried out on individual flies from the "Texas" cage population in January 1973. Of the 24 loci investigated, eight were found to be polymorphic. They were, Esterase-6 (Est-6), Octanol dehydrogenase (Odh), Alcohol dehydrogenase (Ad/i), -Glycerophosphate dehydrogenase (c-Gpdh), 6-Phosphogluconate dehydrogenase (6-Pgdh), Leucine aminopeptidases A and D, (Lap-A and Lap-D) and Phosphoglucomutase (Pgm). In addition to these eight polymorphic enzyme loci, the population was also polymorphic for the major mutant pink (p). The latter is an eye-colour mutant and is recessive to the wild-type allele. Hence nine out of the 25 loci, i.e. 36 per cent, of the loci studied in " Texas were polymorphic. The average heterozygosity per individual, calculated from the average of the unweighted heterozygote proportions was 82 per cent. Gel electrophoresis was carried out on an 11 per cent starch (Connaught Medical Laboratories, Toronto) gels. The Poulik (1957) buffer system was used to type individuals at the Est-6, Adh, Odh, x-Gpdh, Lap-A 'and Lap-D loci. The 6-Pgdh locus was resolved with the histidinecitrate discontinuous buffer system of Fildes and Harris (1966) , the Pgm locus by the methods of Spencer, Hopkinson and Harris (1964) . Genotypes at the polymorphicpin/c locus were ascertained from the progeny of individual backcrosses to a line homozygous for the pink allele.
RESULTS
Preliminary studies showed that two of the polymorphic loci, Lap-A and Pgm were for technical reasons unsuitable for this study. The level of enzyme activity at the Lap-A locus was apparently low, so that the locus was unsuitable for any large scale experiment which required consistent and unambiguous classification of enzyme phenotypes. The second locus, Pgm showed a tri-allelic polymorphism in "Texas ", rare alleles having the very low frequencies of OO1 and OO3. Since the bases for this experiment were comparisons amongst phenotype frequencies, assessment for the Pgm locus in terms of efficiency was not worth while in practice. For these reasons, Pgm and Lap-A were not included in this study.
(i) Phenotype frequencies Natural selection can be detected from changes or variations amongst the phenotypic arrays of polymorphic loci. There are three main sources of such variation in the results of this experiment, (a) between environments, (b) over time-i.e. between samplings, and (c) between replicate populations from the same environment and sampling time. Differences in the phenotypic distributions at a locus in cases (a) and (b) significantly larger than those found for (c) are evidence for natural selection. Factors which contribute to the variation between replicate populations are four-fold: (w) variation between the samples of eggs taken from the "Texas" population and subsequently used to form the subpopulations, (x) variation amongst the samples of eggs taken from the subpopulations at the two sampling times, (y) variation due to random genetic drift during the course of the experiment and (z) variation generated when the form of any natural selection differed in two apparently similar replicate cages, for example as a result of the critical environmental selection occurring in temporally different sequences (Lewontin, 1967) .
A contingency X2-test for 2 degrees of freedom was used as a test for homogeneity between the phenotype frequencies of replicate populations (table 1) . The Lap-D locus was assayed on occasion 2 only. There are then 39 such X2) values. Three of these were statistically significant, i.e. corresponded to a probability of OO5 or less. With so many 2-values this could be a reflection of chance alone. For a large number of values the mean = n, where n is the average number of degrees of freedom. These are shown below in table 2. The values of 2 correspond closely to n (i.e. 2); hence possibly the three aberrant X) values reflect random variables.
If so, differences between replicate cages are attributable to variation type (x) only, variations types (w), (y) and (z) being of negligible importance. However, it seems safer not to make this presumption but to rely on the following procedure which gives an unequivocal test for the presence of On occasion 2, however, all loci except Gd/i and cc-Gpdh show a significantly different response to the different environmental treatments. As mentioned above, in the analysis of these results the measure xlis by itself a valid and more powerful test of natural selection, provided that there are no significant differences between replicate populations; if there are then the variance ratio should be used. The use of the variance ratio test will tend to reduce the evidence for natural selection, when there are no statistically significant differences between the replicate populations. Hence, we are being conservative in our assessments. In practice, however, we reach the same conclusions on either method. 11.06** * 0-05>P>0-0l. ** 0-0l>P>0-001.
n.s: Not significant. t Some of the replicate x'-values in this column differ from those given in Minawa and Birley (1975) . However, these differences in no way mislead the reader, or change the conclusions.
If the loci show a similar unidirectional response to selection in the three environments, then the effects of selection will not be detected by the measure xl but could appear as a significant difference between occasions. We may note that the experiment was designed to minimise the effect of random genetic drift between the two sampling times (occasions). In this respect, population sizes remained relatively constant between occasions I and 2, and were of the order 2500-3000 adults. Population size was therefore large compared to the number of generations that elapsed between the sampling dates. Hence, random genetic drift will contribute little to the variation between replicate cages by occasion 2; any significant variation which does exist is more appropriately ascribed to sampling variation of type (x). As before, however, we shall use the more conservative test.
A variance ratio for 2 and 4 d.f. (table 4) was calculated for each locus and environment separately and used as a test of natural selection between occasions 1 and 2. In this instance phenotypic frequencies were pooled from replicate populations with the same sampling date and a x value for each locus and environment was obtained from 2 x 3 contingency tables as a measure of homogeneity between occasions for particular loci.
x is in this case the sum of the two X2 values which were calculated upon occasions 1 and 2 and which measured homogeneity between phenotypic frequencies in replicate populations on a given occasion. The variance ratios show that there is now evidence of selection at both the cL-Gpdh and Odh loci. That is, all seven loci have responded to natural selection through environmental difference. (ii) Genic heterozygosity If genie heterozygosity per se responds rapidly to the degree of environmental variability, the maximum response to selection will be shown on occasion 2. At this time genie heterozygosity can be expected to be greatest in the most variable environment. The percentage heterozygosities on occasion 2 are shown in Minawa and Birley, 1975 . An analysis of variance (table 5) was carried out after the data had been transformed into arcsin values. A x2-test of significance was provided by the ratio SS/o2, where 2 is 8207/n, or, the binomial variance. The value of n is given by the harmonic mean of the number of typed individuals at every locus. The analysis shows that the variation between replicate cages does not differ significantly from the binomial variance which may therefore be used for testing for the presence of interactions between loci and environments, these turned out to be statistically significant, again evidence for natural selection. This was so whether the comparison was between the more 5 ). This result is in contrast to that obtained by Powell (1971) and McDonald and Ayala (1974) . 
Discussion
In nature a population encounters a range of environments and specific changes, e.g. temperature, light and food source can affect the genetical composition of the population (Dobzhansky, 1970) . Intuitively, diverse environments are likely to maintain relatively more genetical variability than more uniform ones. The response of genetical variations in enzymes and other proteins to different environments is critical for any experimental test of the neutral gene theory. In this respect there are two approaches, one which measures a gross response of the genetical variation in a random sample of such molecules to environmental change, and another which aims to show selection at particularly amenable loci (e.g. Gibson, 1970; Clarke, 1975; deJong and Scharloo, 1976) . Both methods are of value. The work presented here takes the former approach.
Our results have shown unambiguous and decided responses to selection within 27 generations at all of the seven loci which were studied. The loci responded to a series of three environments with substantial shifts of phenotype frequency. The average heterozygosity per individual was approximately the same in the three experimental environments, and this result is in contrast to previous observations (Powell 1971; McDonald arid Ayala, 1974) . Consider first of all the extent of the response to selection in terms of individual loci. This quantity is difficult to assess from the two works cited above. The most available data are those of McDonald and Ayala (1974) whose published measurements represent the average values of heterozygosity for a number of different types of environment with the same level of heterogeneity; it is then difficult to determine the total number of loci which have responded to natural selection. A rough calculation of the variation between levels of environmental heterogeneity using the binomial variance as an error variance, showed that about eight of the 20 loci they studied responded to natural selection. Evidence suggestive of natural selection was also obtained by Berger (1971) at three chromosome II loci in Drosophila melanogaster and Sing, Brewer and Thirtle (1973) , observed selection in four out of seven polymorphic loci in the same species. The approach of the latter authors utilised a small effective population size. Natural selection was detected as an effect of small population size upon observed genic heterozygosity populations than would be expected on the basis of random genetic drift. These experiments then provide evidence of natural selection at least in association with the polymorphic enzyme loci. Nevertheless, the selection response may equally be attributed to the effect of selection on unrecognised loci in linkage disequilibrium with the observed loci, in particular for those experiments where the population size was small, since in the latter case linkage disequilibrium can be generated by drift alone.
Consider an extreme case of genetical linkage; through chromosomal inversions. Non-random associations in nature between enzyme poiymorphisms and chromosomal inversions have been described (Prakash and Lewontin, 1968; Mukai, Mettler and Chigusa, 1971; Mukai, Watanabe and Yamaguchin, 1974; Langley, Tobari and Kojima, 1974) . On the other hand, Powell (1972) found no such association in his populations of D. willistoni and McDonald and Ayala (1974) stated that their populations of D. pseudoobscura carried inversion sequences only on chromosome II, and of the 20 loci studied, 17 were located on chromosome III. Calculations of average genic heterozygosity for these 17 loci only did not alter their conclusions. In " Texas " it is possible to extract all possible combinations of alleles from the closest linkage group on chromosome III, Est-6, Odh and pink and preliminary studies do not suggest that the loci studied are associated with any inversion sequences. However, even in the absence of inversions it is possible to conceive a case for the response to selection being through closely linked loci.
A neutral allele in gametic disequilibrium with a closely linked locus subject to selection can be carried along in a " hitch-hike " manner (Maynard-Smith and Haigh, 1974) . Gametic disequilibrium in "Texas" may be the result of an initial founder effect in the original sample of 30 inseminated females which were captured from the wild, or even perhaps be representative on an ancestral disequilibrium in the natural population. The cage population "Texas" has been maintained in the laboratory for about 130 generations, and any initial disequilibrium between two selectively neutral loci or between a selectively neutral and a selected locus must be small or trivial except for cases of almost complete linkage. Hence any genetical change which is correlated with a change of the environment can be interpreted as follows. The genetical polymorphism may or may not be selectively neutral either in " Texas " or in the new environment. Faced with a new environment any change in the genetical composition at a locus will be a response of the locus per se provided it is in gametic equilibrium with other loci in " Texas ". If this is not so then the locus in question may be selectively neutral in the new environment and subject to the " hitchhike" response. But strong gametic disequilibrium in "Texas" after 130 generations in a cage is itself evidence in favour of natural selection. In this respect one trigenic disequilibrium is known in "Texas" for the three chromosome III loci, Est-6, Odh and pink (Birley 1974) . A study of the allele frequencies in the experimental environments described in this paper does not show a correlated response to selection. It is concluded that natural selection has acted upon the observed loci, or very tightly linked polymorphic loci. This latter conclusion necessitates that if our seven loci are neutral, natural selection has acted upon seven tightly linked loci. We cannot, of course, resolve the problem of hitch-hiking conclusively. Only if the mode of selection and genotypic fitnesses were defined for the locus causing the hitch-hike would it be possible to calculate a maximum recombination fraction over which the observed changes in genotypic frequency could be due to such a response. However, one point is clear, namely that the rapid changes we have observed must be due to extensive natural seiection at the seven loci themselves or at seven linked loci; the genetical variation is not behaving in accordance with the neutralist expectation.
In our view, the problem of genetical linkage has not, so far, been answered from the alternative approach concerned with selection for enzyme activity. A knowledge of a particular aspect of an enzyme's biochemistry is sometimes used to understand the role of natural selection in relation to enzyme activity. Individuals with different electromorphs show correlated enzyme activity differences. When selection occurs between the electromorphs in the presence of enzyme substrate, the class of electromorph with the highest enzyme activity or apparent substrate utilisation, shows an increased fitness. This selection response must be measured in conjunction with controls containing the product of an enzyme reaction (dejong and Scharloo 1976), to eliminate any effect of the genetical background upon fitness. Even here the response need not be directly related to the locus in question. Natural selection acts upon the enzyme phenotype in vivo. The electromorph represents an enzyme phenotype and the latter is the result of a structural gene product and any variation due to modifier loci. Modifier loci are described for several enzyme activities in Drosophila melanogasler for example, aldehyde oxidase (Courtright, 1967) .
Our understanding of the response to selection is once again subject to a knowledge of linkage relationships, this time between the structural locus and the modifier loci, and also to any genotype-environment interaction shown by the enzyme phenotype upon food media containing the enzyme substrate, which may modify the in vivo reactions. Rather than aim at the understanding of specific loci we have chosen to obtain insight into the generality of the response to selection. The result is that selective forces will predominate over random genetical drift for most of the genome.
Finally, consider the response of average genic heterozygosity to various degrees of environmental diversity. An experiment which purports to demonstrate a causal relationship between these two variables must show that the relationship is stable over time. If balanced polymorphism is maintained through the occupation of different ecological niches, the phenotypic frequencies must demonstrably stabilise in the various niches. In addition all combinations of environmental factors should be represented. Otherwise there is a danger that absences of treatments could give rise to a misleading result. Given a multiply heterogeneous environment, genotypic fitnesses at a locus may bear no simple relationship to those observed in homogeneous environments; the observed increases in heterozygosity shown by McDonald and Ayala (1974) could be short-lived ascribably to a few transient polymorphisms in which particular alleles are en route to fixation in some specific environments. In the present experiment no attempt was made to simulate discrete heterogeneities in the environment. The lack of response in heterozygosity could he a reflection of the genetical variation in "Texas "which has been the subject of the stabilising forces of the laboratory environment for some years; that genetical variation concerned with the expected response to selection by environmental heterogeneity was fixed before the onset of the experiment. For a study of genetical diversity in relation to environmental diversity our experiment and possibly some others are preliminary.
The chief function of the experiment described here was to see if any of the variation in "Texas" would respond to natural selection; that it has shown evidence for natural selection illustrates the enormous value of the direct experimental approach in contrast to that shown from surveys of enzyme polymorphism. Given that environmental diversity is greater in nature than utilised in this experiment, natural selection should determine a substantial part of molecular evolution. Whether or not much of the genetical variation in nature is due to balanced polymorphism is another question. Indeed, fitnesses may be stochastic in their magnitudes due to local variations in the environment; such a system will tend to preserve genetical variability within populations (Karlin and Liebermann, 1974; Levikson and Karlin, 1975) . It is concluded that the results of this experiment give no support for the neutral gene theory of protein evolution.
